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CHAPTER I 

INTRODUCTION 

Over the last fifteen years liquid-phase epitaxy has 

become increasingly important for the fabrication of a wide 

variety of solid state devices and has also been the source 

of research into the many unknown properties associated with 

III-V compounds. The research has included studies of 

heterojection solar cells,^ ' light emitting diodes,^ ' 

heterojection injection lasers,^ ^ thyristors,^ ' hetero-

junction transistors, and optical-waveguide modulators. 

LPE has many advantages over vapor-phase epitaxy (VPE) for 

the deposition of III-V compounds, the major ones being: 

higher deposition rates; less complicated equipment; large 

selection of available doponts; very good interfaces; and 

the elimination of hazards caused by the use of reactive 

gases and their reactive products which are often explosive, 

(7) corrosive, or highly toxic. 

The liquid-phase epitaxial process involves the pre

cipitation of material from a cooling, saturated or super

saturated liquid solution onto a substrate of similar 

crystalline structure. The solution and the substrate are 

initially separated in the growth apparatus; the solution 

is saturated with the growth material at the desired growth 

temperature. The surface of the substrate is then brought 



into contact with the saturated solution and allowed to 

cool at a rate for a time interval determined for the growth 

of a particular layer. The solution may also contain a con

ductivity modifier which also precipitates and deposits 

with the semiconductor material to provide an epitaxial 

layer of a desired conductivity type. When the substrate 

is single crystalline, and the material that precipitates 

from the solution has a lattice constant which is the 

same or nearly the same as the substrate, the precipitating 

material forms a layer on the substrate which is an extens-

(7) ion of the single crystal body of the substrate. Two 

or more epitaxial layers can be deposited, one on top of 

the other, to form a semiconducting device which may in

corporate PN junctions between adjacent epitaxial layers. 
-r 

The purpose of the work described here is the design 

and construction of a liquid-phase epitaxy system for the 

growth of compound semiconducting junction devices. Liquid-

phase epitaxy systems are not commercially available; such 

systems are usually designed to meet the specifications 

required by specific types of compound semiconductor devices. 

In this work, it was desirable to design and build a system 

which was as flexible as possible, inasmuch as it had not 

yet been determined what device structure would be involved, 

and, at the same time using an existing furnace system to 

reduce the cost of construction. The system which was 



designed and built meets these constraints, and represents 

the most versatile system which could be obtained without 

considerable additional expenditures. The system can be 

used for diodes, transistors, or four-layer devices without 

introducing significant changes, and meets all processing 

requirements. 

Chapter II describes the development of the various 

stages of ah LPE system for growing up to four epitaxial 

layers onto a GaAs substrate. Chapter III considers the 

growth kinetics, and growth characteristics of LPE, con

centrating primarily on the GaAs-Al Ga,_ As type structure. 

Preliminary testing and proposed improvements to the exist

ing system are described in Chapter IV. Finally descrip

tions of preparation for growth and operation of the system 

are contained in the appendices. 



CHAPTER II 

DESIGN CONSIDERATIONS 

(A) Basic Techniques of Liquid Phase Epitaxy Growth. 

There are basically three types of growing apparatus 

that may be employed for liquid phase epitaxy (LPE). The 
/ g \ 

tipping furnace, developed by Nelson,^ ' was one of the 

earliest techniques employed. The furnace is pivoted so 

that when the growth temperature has been reached, the fur

nace may be tilted so as to bring a saturated solution of 

growth material into contact with a substrate, as shown in 

figure la. On cooling, the growth material precipitates 

from the solution and forms a film on the substrate. After 

a specified temperature interval the furnace is then tipped 

back to its original position, leaving an epitaxial layer 

on the substrate. This method is still occasionally used. 

The dipping technique involves the use of a vertical fur-
(9) nace and a graphite crucible. The substrate is positioned 

above the solution and may be dipped into the saturated solu

tion when the desired temperature has been reached, figure 

lb. The epitaxial layer is then grown on the surface of 

the substrate by lowering the temperature. 

The horizontal multibin graphite boat procedure per

mits successive layers of semiconductor material to be 

deposited on the substrate.^ ' Here the substrate 
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Figure 1. Early LPE Growth Techniques. 



slides horizontally under the saturated solutions in the boat 

where precipitation onto the substrate occurs while cooling, 

figure 2. The importance of this technique lies in the large 

choice of possible solutions and temperature variations, 

which determine the types of films that can be deposited 

sequentially onto a substrate. It is this technique that 

is of prime interest for the LPE system developed in this 

work. 

(B) The Liquid-Phase Epitaxy System. 

(1) Block Diagram of the LPE System. 

The block diagram in figure 3, illustrates the organi

zation of the basic equipment and apparatus required for 

the LPE system. A high purity graphite furnace boat is 

positioned inside a quartz modified diffusion tube. The 

growth of good epitaxial layers requires, amongst other 

things,, a high purity inert atmosphere. This is furnished 

by the input stage, which produces a very high purity dry 

hydrogen and also has the capability for purging the system, 

or completely evacuating it. The gas passes through the 

quartz tube, over the boat, and is then vented out of the 

system via a bubbler. A Lindberg model 54 676-A three 

zone furnace, into which an isothermal furnace liner, 

(Dynatherm Model 11-30-24), has been inserted, provides the 

source of heat for the system. The temperature is con

trolled by a Lindberg model 59754 furnace controller and 
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Figure 2. Mult iple Bin Graphite Boat. 
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with an independent thermocouple introduced into the furnace 

boat. The design and fabrication of each of these stages 

are described in more detail in the following sections, and 

the operating procedures for the equipment are contained 

in Appendix B. 

2. Graphite Furnace Boat. 

The design and construction of the graphite furnace 

boat required the utmost care and consideration as it is 

within the boat that the growth of epitaxial layers occurs. 

It was decided that the horizontal multibin type furnace 

boat would be the most generally useful configuration as 

it not only allows flexibility respecting the type of device 

structures but also has the advantage of sequential deposi

tion of the semiconductor material onto a substrate. 

There are many horizontal boat designs that have been 

developed for various applications. However, they all have 

a similar structure to that developed by Nelson. ̂  ^ It 

was this design that was first considered during the early 

stages of development of the graphite furnace boat. The 

final design, shown in figure 4, includes several modi

fications which were incorporated not only to help reduce 

the fabrication costs, but also to simplify the machining 

and thereby improve the quality and tolerance of the final 

assembly. A high purity, very dense, fine grained graphite 

of uniform thermal conductivity and sharp minimum radius 
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machinability was chosen for the inert furnace boat material, 

which was purchased from Poco Graphite Incorporated, (DFP-

3-2 grade). 

The graphite boat is essentially made of two intercon

necting parts. The upper part contains four equally spaced 

wells, 0.500 in square, which before actual growth are 

charged with a suitable semiconducting solution. 

The spacing between each well is minimized (in this 

case, the separation is 0.250 in) so as to make the growth 

of several epitaxial layers an almost continuous process. 

Surface tension and high fabrication tolerances prevent the 

migration of solutions from one well to another. A ther

mocouple hole is also provided so that an accurate measure 

of the growth temperature in the graphite block can be 

determined. The bottom part of the boat, called the slider, 

has two recesses, 0.625 in by 0.500 in, which hold the 

substrate and the source wafers. The recesses are made 

about 0.002 in deeper than the substrate thickness so 

that sufficient space is left for the growth of epitaxial 

layers without causing damage to the newly grown surface 

when the slider is moved. The slider and the upper part 

of the graphite boat fit snugly together by means of a 

dovetail joint arrangement. This type of joint provides 

a good solid connection and yet allows the slider to move 

under the boat, enabling the substrate and source wafers 
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to be sequentially positioned underneath any one of the 

four wells. One of the main advantages of this design is 

that the two parts can be quickly and easily separated 

and thoroughly cleaned after being used. In addition to 

the slider and boat, four separate weights made of graphite 

are provided and fit into the wells. These weights are in

troduced into the wells in order to prevent the possi

bility of the melt solution balling up. The force applied 

by these weights causes the melts to spread over the bottom 

surfaces of the wells, ensuring that the entire surface of 

the substrate is covered. It is important, when deposit

ing an epitaxial layer by LPE, that the volume of the sol

ution in the wells is not too large. Although a large 

volume would inhibit balling up, it tends to create cer

tain undesirable effects. When a large volume of the 

melt is cooled, precipation takes place throughout the 

solution. The semiconductor material near the substrate 

deposits on it forming an epitaxial layer. Unfortunately 

some of the material also precipitates away from the sub

strate, thereby creating platelets of semiconducting mater

ial which tend to produce poor uneven epitaxial layers. 

Therefore, the amount of solution is kept to a minimum to 

prevent such platelet formations. The complete assembly, 

shown in figure 5, works in the following way. With the 

slide and boat body interconnected, the chemically prepared 
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and cleaned GaAs substrate, and the source body, are placed 

in the respective receiving recesses (the source body lead

ing the substrate). The slide is then pushed under the up

per boat body until the two wafers just disappear under the 

graphite. The four wells are now charged with a solution 

containing a metal solvent, such as gallium, for the semi

conductor material, GaAs, to be deposited, and a conduc

tivity modifier, that is, a dopant, such as tin or tellur

ium for an n-type layer, or germanium or zinc for a p-type 

layer. The weights are added and the boat assembly is 

loaded into the quartz furnace tube, which is described 

in the next section. A flow of high purity hydrogen en

sures an oxygen free environment which is an essential 

requirement for good crystalline growth. A quartz push 

rod and a platinum-platinum, 13% rhodium thermocouple are 

inserted into holes in the slider and the boat, respectively. 

When the required temperature has been reached and maintained 

long enough to ensure complete melting and homogenization 

of the charge solution, the growth process begins. 

In LPE growth, it is desirable that the deposition 

solution should be either exactly saturated or else super

saturated with the semiconducting material at the tempera-

(12) ture that the deposition takes place. If undersatur-

ated with semi-conducting material, the substrate, when 

introduced into the solution, will tend to disolve into 
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the solution until it becomes saturated, resulting in poor 

planarity of the deposited layer. To achieve a saturated 

solution in each well, a technique has been utilized which 

provides a source body of the semiconducting material in 

the wells, that is, undoped polycrystalline gallium arsenide. 

The source body is placed in the leading recess and there

fore comes into contact with the solution in the wells be

fore the substrate. By pushing the quartz push rod, the 

graphite slider is moved and so enables the source body to 

be positioned under the first well. In this position 

some of the semiconductor material of the source body 

dissolves into the molten metal solvent of the first solu

tion until saturation is achieved. When the first solution 

has remained long enough to achieve saturation for a given 

constant temperature, the slider is then pushed in the direc

tion of the arrow, figure 4, to move the source body from 

well 1 to well 2. Because the substrate recess has been 

designed so that the spacing from the source body to the 

substrate is equal to the distance between adjacent wells, 

the substrate is simultaneously moved under the first well 

containing the saturated solution. If the temperature is 

now reduced, a film is epitaxially deposited on the sub

strate, the depth being a function of time and temperature 

drop. Cooling the first solution for deposition also cools 

the second solution, but the source body is positioned under 
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this well and so insures that this solution is kept satur

ated even though the temperature is lowered. Hence at 

the end of the growth period for the first layer, the slider 

may be pushed until the substrate is in contact with the 

second saturated solution and the source body positioned 

under the third well. Again, by further cooling, a second 

epitaxial layers is deposited. This process may be repeated 

as the slider is moved from well to well, depositing the 

epitaxial layers onto the substrate, and so permitting the 

maximum number, four layers, to be grown. Finally, when 

all the required epitaxial layers have been grown, the sub

strate is positioned under the graphite in the region be

tween the last well and the end of the furnace boat, and 

is allowed to cool to room temperature. This is done 

to reduce any defects that may form if the substrate were 

openly exposed to the hydrogen ambient and also to reduce 

the amount of surface cleaning required after growth. The 

boat is then unloaded from the quartz tube and the sub

strate is removed from the recess. The boat is disassembled 

and cleaned as described in appendix A. 

After the graphite furnace boat has been machined, it 

was returned to the graphite vendor (Poco Graphite) for 

purification and packaging. During purification, the boat 

is heated above 1000°C and is carbon impregnated and re-

graphitized to fill up any pores that may be present. 
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thereby ensuring a high density and high purity material. 

The uniform high thermal conductivity of the graphite helps 

to maintain a relatively small temperature gradient. 

3. Quartz Tube Assembly. 

The quartz tube assembly is shown in figure 6 and con

sists of a quartz diffusion tube, 69 in. long and 70 mm 

ID by 7 5 mm OD, with an 18/9 ball o-ring joint at one end. 

A pyrex end cap fits onto the open end of the quartz tube, 

which has a 8 6/50 tapered ground glass joint. An 8 mm 

diameter quartz rod is fused horizontally and diametrically 

across the inner part of the tube, two feet from the hydrogen 

inlet connection. This distance corresponds to the region 

in which the epitaxial growth process takes place. When 

the graphite boat is slid into the tube, the whole body 

of it moves and approaches the quartz rod. On reaching the 

rod the upper part of the boat makes contact with it, pre

venting the upper part from moving any further. However, 

the slider is free to slide underneath the rod. This 

barrier is essential for the operation of the furnace boat; 

during the growth program, the slider, containing the sub

strate, must move relative to the upper body so that the 

substrate can be sequentially positioned under each well. 

Once the final layer has been grown, the whole graphite 

boat is pulled back out into the loading region outside 

the furnace and allowed to cool. The weight of the boat 
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and its low position in the tube prevent any significant 

rotational effects; it was found to remain level during 

testing of the system. 

The pyrex end cap has three outlets; the push rod 

connection, the thermocouple connection, and a hydrogen 

outlet tube. It has been shown by Solomon ̂''""̂^ that the 

presence of oxygen contamination during the growth process 

contributes to poor LPE film formation. It is therefore 

very important to prevent oxygen from entering the system. 

The system is sealed against oxygen entry by using stopcock 

grease (Apiezon 101) an the end cap joint and by using o-ring 

sealed fittings, (CAJON ultra-torr), bonded to the end cap, 

for the push rod and thermocouple outlet tubes. A special 

vacuum seal epoxy, (Torr Seal), is used to bond the fittings 

to glass tubes entering the end cap. On tightening the 

fittings, the o-ring compresses down around the push rod 

or thermocouple sleeve and provides an air tight seal. 

Movement of the push rod or thermocouple during the growth 

program is permitted by slightly slackening off the fit

tings; because of the positive pressure of hydrogen, air 

is prevented from flowing into the system. The hydrogen 

outlet vent tube is connected to the output stage of the 

system by a ball and socket joint and joint clamp. 

4. Gas Line and Hydrogen Purifier. 

The basic layout of both the input and output stages 
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of the system are shown in figure 3. The hydrogen gas is 

a dry high purity (99.99%) grade and obtained from cylinders 

It then flows through an element, (Matheson oxygen remov

ing purifier, referred to as Deoxo unit), which removes 

oxygen by catalytically combining it with hydrogen to form 

water vapor; oxygen removal is to within 1 ppm. Because 

the reaction is exothermic (heat-releasing), the water 

formed is carried off as a vapor with the purified hydrogen. 

The water is subsequently removed downstream by a water 

removal filter. A high purity 5 ]im filter is inserted to 

ensure that the resulting gas does not contain any parti

culates which may contaminate the system or the palladium 

diffusion hydrogen purifier, (Matheson model 8361) . This 

diffusion purifies provides ultra-pure hydrogen by diffus

ing atomic hydrogen through a palladium-silver membrane. 

Because only hydrogen can diffuse through this membrane, 

any impurity gases that are present are filtered and vented 

out through a bleed vent (V.B. in figure 3). The start

up and operating procedures for the purifier and the rest 

of the system are contained in appendix B. The ultra-pure 

hydrogen flows freely into the quartz tube with an approxi

mate flow rate of 0.5 liters per minute as determined by 

the inlet pressure to the purifier. After passing through 

the tube, the outflow gas is controlled by a final regu

lating valve which is also used when evacuation of the 
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quartz tube is necessary. Finally, the gas is vented out 

of the system via a bubbler which contains low vapor pres

sure silicon oil. A reservoir head prevents oil from be

ing sucked back into the system in the event that the gas 

pressure becomes less than atmospheric pressure. The gas 

flows through stainless steel tubes and control valves. 

The most critical part of the gas line is the portion from 

the hydrogen purifier to the gas inlet of the quartz tube. 

All the stainless steel connections are SWAGELOK, the 

actual inlet-outlet gas connections to the quartz tube 

are stainless steel sockets clamped to a pyrex o-ring ball 

joint. The maximum recommended residual oxygen should 

(14) be less than 0.5 ppm for a LPE system; the purification 

system which is used here will deliver at least this purity, 

according to the vendor. A pressure gauge (PG in figure 3) 

monitors the input pressure to the hydrogen purifier, to 

assure that the pressure never exceeds 250 psig, to pre

vent damage to the palladium alloy tubing. 

The block diagram, figure 3, also shows connections 

to a nitrogen supply and a vacuum system. These are re

quired for purging the purifier and the system during start

up and shut-down, (described in appendix B). A Varian 

vacsorb pump is used for evacuation. The pump consists 

basically of a vacuum-tight container containing an absor

bent, (Type 5A molecular sieve, a synthetic zeolite), which 
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collects the air from the system. Pumping action is initi

ated by cooling the container to liquid nitrogen tempera

ture. 

5. Furnace and Isothermal Furnace Liner. 

An elevated temperature, usually between 700°C-950°C, 

is required for LPE deposition. Heat is provided by a 

three zone, five inch diameter furnace, the temperature 

of which is controlled by a solid-state digital controller 

via a chromel-alumel thermocouple in the center of the fur

nace. Temperature cooling is controlled manually at the 

controller rather than electronically in this phase of the 

work. A cooling rate of approximately 0.5°C per minute is 

estimated to be suitable for LPE growth, and is manageable 

by manual procedures. It is essential that the temperature 

profile be very stable and as linear as possible along the 

length of the quartz tube. Heat losses through the end of 

the furnace may be reduced by suitable insulation packed 

around the quartz tube there. The furnace liner provides 

very good temperature uniformity over its entire length 

and circumference and stabilizes any temperature fluctua

tions and smoothes temperature distributions. It is a 

sodium vapor-filled inconel cylindrical tube which is 

placed in the center of the furnace, and which allows the 

quartz diffusion tube to fit snugly inside. In most appli

cations, temperature uniformity is well within +1/2°C over 
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the length of the liner. The liner has a very high thermal 

mass; the system therefore has a long thermal time constant 

and is quite unresponsive to sudden changes in cooling rate 

Epitaxial growth can then be controlled easily by time in

terval and temperature drop. The heat pipe extends the 

entire length of the center zone of the furnace, which 

permits the overall temperature profile to be trimmed by 

altering the proportional setting controls for the end 

zone; such trimming is very useful alternative procedure 

to insulating the furnace end, as it prevents a very steep 

and sudden temperature gradient at the ends of the heat 

pipe. A slight temperature gradient, (0.1°C per cm) is 

(15) sometimes introduced, such that the semiconductor 

melt is hotter than the approaching substrate. This per

mits the deposition of a very thin layer immediately and 

provides good nucleation. With the system developed in 

this work, such a gradient can be easily introduced, be

cause the two end zone temperatures can be controlled. 

(16) 
Occasionally, a retrograde temperature profile is used, 

(hot substrate relative to the melt) so that a small amount 

of meltback occurs on the substrate as it comes in contact 

with the melt, thereby cleaning the surface. 

In this work, the former temperature profile is em

ployed. The actual boat temperature is monitored by a 

platinum-platinum, 13% rhodium thermocouple, which is en-
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cased in a quartz sleeve and inserted into the boat during 

growth. The voltage generated by the thermocouple is 

measured using a sensitive digital microvoltmeter. Figure 

7 illustrates the apparatus designed to manipulate the 

push rod and to support the thermocouple. Once the boat 

is in position, that is, when it is just resting against 

the quartz rod block in the tube, the o-ring fitting is 

tightened down around the push rod. The exact distance 

from well to well is known and the corresponding positions 

on the manipulator have been marked off. By slowly turn

ing the knob, the push rod is smoothly moved, and the sub

strate is sequentially positioned under each well. Finally 

figure 8 is a photograph of the complete LPE system. 
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CHAPTER III 

GROWTH KINETICS 

The driving force for the nucleation of crystals from 

solutions is the supersaturation of the solution as the 

temperature is reduced. The best films formed from the 

solutions are those in which the free energy, including 

(17) the surface energy, is minimized.^ ' Thus film growth 

from these solutions are most favored on substrates which 

have the closest lattice constant match to the solid crystal 

obtained from the original solution. In LPE, a lattice 

mismatch greater than 2% usually results in uneven nuclea

tion on the substrate and polycrystalline growth. The 

reason for this is that the free energy of the crystal is 

(7) increased by forcing a fit with the substrate. Thus 

it is important to choose substrates of the same or a 

very similar lattice constant to that of the precipitate. , 

The liquid-phase epitaxial process is also limited to 

applications where the solvent does not adversely affect 

the deposited layer. Fortunately, in the III-IV compounds, 

the solvent is usually a group III element and is also a 

part of the deposited film. Gallium and indium are useful 

solvents for this type of work and their arsenides or 

phosphides may be used as solutes. Extremely high purity 

(six 9s) gallium and indium are required to avoid uncontrolled 

contamination of the film. Although aluminum is a group III 

27 
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element, it is not a suitable solvent because of the in

stability of its oxide. 

The actual joining of atoms from the melt solution to 

the substrate is determined by many parameters, although 

perhaps the most important one is the position of the sub

strate. In the horizontal boat technique, the substrate 

is positioned at the bottom of the melt and growth is 

governed by the diffusion of the solutes to the substrate-

solution interface. For a gallium arsenide system, the 

arsenic concentration is lowest at the substrate-solution 

interface because of arsenic depletion during film growth; 

the arsenic concentration increases to a constant value away 

from the substrate and diffusion takes place because a con

centration gradient exists. A growth-depletion-diffusion-

growth cycle causes the melt to have an arsenic gradient 

(14) dependent on the growth times as illustrated in figure 9. 

The growth rate may be computed once the concentration 

of solute is known. By integrating the rate over the 

growth period, the actual grown layer thickness may be es

tablished. There are three basic growth techniques which 

all have differing time dependence for the layer thickness. 

Equilibrium cooling involves cooling a saturated melt at a 

constant rate, once the substrate is introduced under it, 

figure 10. In step cooling (figure 10) the melt is super

cooled by lowering the furnace temperature by an incre-
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mental amount. When the substrate is subsequently slid 

under the melt at a constant temperature, deposition of 

the semiconducting material occurs because of supersatura

tion. When growth occurs via supercooling (figure 10), 

a supercooled solution is brought into contact with the 

substrate and cooling is allowed to continue.^ ' 

It has been reported^ ' that the layer thickness has 

a time dependence of t '̂  for equilibrium cooling and a t'^^ 

dependence for step cooling, and layers up to 1 ym formed 

1/2 by the supercooling technique obey a t ^ law, gradually 

3/2 changing to t for thick layers. Thickness also depends 

on many other parameters which include the cooling rate (a), 

the mutual diffusivity in the gallium-arsenide solution (D), 

and the slope of the liquidus line of the gallium-arsenide 

phase diagram, (m). 

It is important for good crystalline growth to have 

a close lattice match between the deposited film and the 

substrate. Figure 11 shows the lattice constants for a 

few of the III-V binary and ternary compounds. It is in

teresting to note that the gallium arsenide-aluminum 

arsenide system has a mismatch of only 0.16% whereas the 

other III-V binary compounds have mismatches greater than 

2^^(18) Thus the GaAs-Ga,_ Al As. heterojunction system 

is unique among heterojunctions in that very few inter

face states exist because the lattices match so closely 
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and also because GaAs-AlAs systems are completely soluble 

in one another for all gallium concentrations. 

A phase diagram provides the relative concentrations 

of the components of a particular compound in equilibrium 

as a function of temperature, for a constant atmospheric 

pressure. Figure 12 shows the GaAs phase diagram, where 

the concentration of arsenic in a gallium and arsenic 

liquid solution is C at a temperature T . C determines 

the amount of arsenic required just to saturate a Ga-As 

solution at a temperature T . At a temperature T2 < T , 

and for the same concentration C of As, the solution is 
o 

said to be supersaturated, that is, there is more A in 

the liquid solution than is required for equilibrium, and 

the difference, C~-C , become part of solid GaAs. If 

this solution is in contact with a GaAs substrate epitaxial 

deposition occurs. However, the solution may be super

cooled if it is not in contact with a substrate and if no 

precipitation as crystallities, occurs GaAs can be super

cooled to at least 10°C below the equilibrium temperature 
(19) corresponding to its arsenic concentration. Similarily, 

undersaturation occurs if the temperature is raised to T^>T^ 

and the concentration of As remains at C^. This is an un

stable situation because more As is required in the liquid 

in order that equilibrium be restored. Hence, meltback 

of a GaAs substrate positioned under such a solution takes 

place. 



35 

For the ternary system, Ga,_ Al As, the phase dia-

gram takes on a more complex and three-dimensional appear

ance as shown in figure 13. For a temperature T, the con

centrations C^-/ C-,, and C^ in the liquid solution may be 

determined for a particular Al Ga,_ A compound. In addi-

tion to the Al-Ga-As phase diagram, three other curves are 

required for calculating the actual quantities of material 

needed to form the compound semiconductor, Al Ga, _ A . 

The first is the aluminum solid solubility curves, which 

determines the amount of Al in solution at a given temper

ature in order to obtain a certain AlAs molar fraction (x) 

in the solid, figure 14. The second curves are the 

solubility curves of GaAs in a Ga melt for various Al-Ga 

(14) weight ratios, figure 15. Finally the curves relating 

the net carrier concentration in the films to the atomic 

weight fraction of the dopant in the melt are required. 

For example, figure 16 shows the net carrier concentration 

vs atomic weight fraction for zinc, which acts at a p-type 

dopant in an Al, Ga As melt.^ ^ These curves determine 

the relative weights of each semiconductor material required 

to grow a particular layer which has a particular impurity 

carrier concentration. 

A GaAs-Al Ga,_ As heterojection may be considered as 

an example. The substrate of gallium arsenide silicon doped 

to 4 X lO"*"̂  cm~^ and a Z^ doped, p-type, Al^Ga^_^As layer 
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is desired. Suppose the composition is such that the frac

tion of aluminum in the grown layer is 0.4 and let the start

ing temperature be 900°C. From figure 14, for x = 0-4, 

the atomic percent of aluminum at 900°C is 0.44. The atomic 

mass of Al is approximately 27 and that of Ga is 69, so 

that the weight percent Al in Ga = 0.44 x 27/69 = 0.17. 

Then the aluminum-gallium weight ratio is 0-0017. Figure 

15 is used to determine the amount of GaAs. At a temper

ature of 900°C and for Al-Ga weight ratio of 0-0017, a 

GaAs-Ga weight ratio of 0.082 is required. The quantity 

of zinc required is obtained from figure 16. For example, 

18 —3 an acceptor concentration of 4 x 10 cm requires a 

Zn-Ga ratio of approximately 0.0038. Therefore, AIQ A^^Q g^^' 
18 —3 with an acceptor concentration of 4 x 10 cm , can be 

grown at a temperature of 900*0 from a melt with 0.17 weight 

percent of Al, 8.2 weight percent of GaAs, 0.38 weight per

cent of Zn and 91.25 weight percent of Ga. 

The cleaning and preparation of these materials are 

described in appendix A. At this stage of the development 

of the LPE system, the actual otpimization of the growth 

parameters for a particular device are not of primary con

cern. 



CHAPTER IV 

RESULTS 

An overall view of the complete liquid-phase epitaxy 

system is shown in figure 8. It has been continually 

reiterated that a clean air tight system is of utmost im

portance and so it was therefore essential that the system 

be extensively checked and tested for leaks and any other 

possible faults before attempting any growth program. 

Dry nitrogen at a pressure of 65 psig was introduced 

into the input stage of the system. An easy and effective 

way of checking for leaks is by a commercial solution (SNOOP) 

at every connection from the nitrogen tank through to the 

final fitting at the bubbler, after all the values have been 

opened. Any gas leaks are revealed as moving and expand

ing bubbles of the liquid, and are readily identified. A 

second, more sensitive, leak check of the system up to 

value V, can be made by opening valves T^f V,, V^ and UPH 

and then shutting off the main nitrogen tank. If the 

nitrogen pressure is bled off until the output regulator 

reading just begins to decrease, then any small leaks can 

be detected by observing the pressure drop at the regulator 

valve on the nitrogen tank over several hours. Both checks 

were undertaken several times and the system was confirmed 

to be air tight. 

41 
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Nitrogen gas is used for purging the system during 

the start-up and shut down procedures, which are described 

in appendix B. However, a suitable flow rate and input 

pressure, for this process must be determined. 

This was done by trial and error, and it was finally 

concluded that an input pressure_of 8 psi of N^ produced 

a_3ajtisfact^y_flow__rate for purging^ the system. 

The vacsorb pump described in Chapter II, operates 

on the principal of physical absorption when the pump body 

is immersed in liquid nitrogen. The vacuum system is 

positioned so that individual sections of the gas line may 

be evacuated if necessary, figure 3. However, its main 

use arises during the start-up procedure for the palladium-

diffusion hydrogen purifier and it must therefore be checked 

out for such use. Liquid nitrogen was added to the dewar, 

in which the pump body is contained, until it was full and 

the nitrogen had stopped boiling. The main vacuum valve, 

V^, V^ and UPH valves were then opened. After one-half hour, 

the thermocouple vacuum gauge registered a steady 100 microns 

Although this is not the best vacuum which may be obtained 

with the system, it is satisfactory; the purifier, gas lines 

and input stage are also purged with nitrogen in order to 

assure the removal of oxygen. It was concluded that the 

vacuum could be improved by replacing the molecular sieve, 

and new zeolite (Linde 5A) was ordered. 
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It was stated in Chapter II that a slight temperature 

gradient over the growth region is desirable for good nu

cleation, (i.e. hot melt solution relative to the substrate) 

The platinum-platinum 13% rhodium thermocouple was installed 

and the furnace turned on. Because of the high thermal 

capacity of the heat tube, it takes at least three hours to 

heat the tube up to a steady 900°C. When this valve was 

reached, the furnace was temperature profiled. A three-

zone furnace has the advantage of providing +50% end-zone 

power adjustment with respect to the center-zone power, 

allowing a certain degree of flexibility when setting the 

desired profile, so that very steep and sudden temperature 

gradients at the ends of the heat pipe can be prevented. 

After considerable experimentation a suitable profile in 

the axial direction of the quartz tube was obtained. The 

center-zone was set on the controller at 960**C; the zone 1 

and zone 2 potentiometers were set at 8.5 (approximately 

35% above the center-zone power) and 7.5 (approximately 

25% above the center-zone power), respectively. The result

ing profile for the total length of the heat pipe with 

nitrogen flowing is shown in figure 17. Sharp gradients 

exist at the ends of the furnace but in the actual growth 

region, that is, in the region of the graphite boat, a 

relatively small gradient, estimated at above 0.1°C per 

cm exists. 
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At the end of pre-baking, see appendix C, and also 

at the end of the epitaxial growth, the furnace must be 

cooled to approximately 50°C for loading and unloading 

procedures. It is desirable to know the time required 

for cooling the quartz tube from 900°C to 50°C. By turn

ing the power to the furnace completely off and allowing 

the heat pipe to cool, it was found that a cooling rate of 

approximately 3 00°C per hour may be obtained. It was 

during cooling, at approximately 500°C, that the pyrex end 

cap developed a small crack which propagated away from the 

thermocouple O-ring fitting. The possibility of mechanical 

stresses in the end-cap arrangement is apparently, great 

enough so that such cracking may occur frequently. In 

order to prevent reoccurence of damage, a completely new 

approach is suggested. Figure 18 illustrates the suggested 

end-zone arrangement which replaces the pyrex end cap with a 

stainless steel plate. The quartz tube may be slightly 

modified by replacing the male taper joint by a female 

taper joint, as illustrated, or similar arrangement may 

be used with the existing male tapes joint; the sex of the 

joint is irrelevent, as long as the clamp mechanism is 

similar to the one shown in figure 18. Rubber gaskets are 

included to cushion and seal the metal-quartz interface 

and also to prevent contact damage to the quartz tube. 

Wing nuts provide a quick and easy, yet tight, method of 
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installing and removing the stainless steel end plate. 

The introduction of a plate has an added advantage when in

stalling the connections for the thermocouple, the push-

rod, and the hydrogen outlet, as there are no longer any 

glass to metal contact bonds. 
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CHAPTER V 

CONCLUSIONS 

A versatile liquid-phase epitaxy system has been de

signed, constructed and tested. Theoretical concepts of the 

growth kinetics of III-V compounds have been discussed and 

the GaAs-Al^Ga^_^As heterojection appears to show consider

able promise for future device work and development. 

A set of cleaning, preparation, and handling procedures 

have been developed, together with a step-by-step routine 

for starting up, running, and shutting down the system. 

This system, with the proposed modification, illus

trates the basic construction principles for liquid-phase 

epitaxy reactors; it will be used for fabricating compound 

semiconductor heterojunction solar cells, and other LPE 

junction devices. 
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APPENDIX A 

PREPARATION OF THE SYSTEM AND SEMICONDUCTOR MATERIALS 

The palladium-diffused hydrogen purifier provides a 

continuous flow of ultra-pure hydrogen to the quartz tube. 

However, it is also essential that all exposed component 

parts and materials be clean and be of high purity, six 

9s wherever possible. Therefore special care is taken in 

preparing the semiconducting materials and the system be

fore beginning the growth operation. 

Al. Graphite Boat. 

The graphite must be machined with new degreased tools 

and handled with care; the entire boat assembly is returned 

to Poco Graphite for purification. During this process the 

boat is carbon impregnated and regraphitized at high tem

perature to fill up any pores that may be present, ensuring 

a high density and high purity material. The purified boat 

is gallium leached, that is, gallium is used as a heavy 

(21) metal getter to remove any remaining impurities. This 

process involves filling the wells of the boat with Ga and 

then heating the boat at about 950*̂ 0 for 12 hours in flow

ing hydrogen. The Ga is then discarded and the boat is 

carefully wiped free of Ga with lint-free paper. The boat 

is then ready for use. This process may be repeated when 

necessary, to eliminate any contamination from dopants used 
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on a previous run. When handling the boat it is important 

that gloves be worn to prevent contaminating the boat. A 

combination of light nylon gloves and plastic goves were 

found to be very effective. After each run the boat is 

wiped clean with lint free paper to remove any remaining 

material to prevent damage to the graphite during the 

next run. 

A2. Pyrex End Cap. 

A pyrex end cap is cleaned and degreased by washing 

sequentially for 5 minutes in near boiling trichloroethylene, 

near boiling acetone, and near boiling methanol. After de-

greasing, the end cap is rinsed in DI water, followed by 

another methanol rinse. After rinsing, the end cap is 

dried quickly in dry filtered nitrogen. The stopcock 

grease is removed from the end cap joint by wiping the 

joints with an acetone wetted cloth. 

A3. Substrate and Source Wafer Preparation. 

The chemically polished substrate wafers are cut from 

17 -3 n-type GaAs, doped with silicon to 4 x 10 cm , supplied 

by Laser Diode Laboratories. The slices are oriented along 

the (100) plane and have an etch pitt density of 4000 per 

cm . The wafers are 0.017in thick and approximately 6 cm 

in area. Before cleaving the substrates to the required 

size and shape, the wafers must first be backside lapped 
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to about 0.013in, so that they sit approximately 0.002 in 

below the top of the recess in the graphite slider. Suf

ficient depth must be available for deposited layers to 

prevent damage to their surfaces. 

The source wafers, which are required for the leading 

recess in the graphite slider and for the melts in the wells, 

are undoped polycrystalline GaAs. These wafers are approxi

mately 0.015in thick and must also be lapped to ensure free 

movement of the slider. The actual amount of GaAs in the 

melt solution that is necessary for epitaxial deposition 

is determined from the solubility curve, figure 15, which 

is described in Chapter III. 

The substrate and source wafers are lapped on a very 

flat glass plate, using a slurry containing 1 ym aluminum 

oxide abrasive; the slurry fluid is liquid alconox deter

gent. The wafers are adhered onto another small flat 

glass plate by heating a few crystals of phenyl salicylate 

(Salol) on the glass and then pressing the wafer firmly 

onto the surface until the Salol rehardens. This provides 

a rigid, very thin, adhesive for the wafers during lapping, 

which is performed in a figure of 8; it is easily removed 

by reheating the wafers and wiping them with acetone. 

After lapping the wafers are then cleaved by scribing them 

with a diamond tipped scriber. If cleavage does not take 

place after two or three repeated scribes, the wafer may be 



54 

gently tapped along the scribe line with a one-sided razor 

blade. A sheet of lint free paper is placed under the 

wafer during cleavage with the razor blade to help concen

trate the cleavage pressure. The wafers are degreased by 

washing sequentially for 5 minutes in near boiling trich

loroethylene, near boiling acetone, and near boiling 

methanol. 

After degreasing, the wafers are etched for one min

ute in a 4:1:1 sulphuric acid: hydrogen peroxide: distilled 

water mixture to remove surface oxide. This solution 

evolves heat during mixing, and should be cooled in a 

water bath. The etch rate at room temperature is approxi

mately 1 ym per minute. Finally, the wafers are rinsed 

in distilled water and sequentially rinsed in two separate 

methanol baths for a few minutes, then blown dry with 

filtered nitrogen. A final polish may be performed by lap

ping the wafers on a polyproplene pad, using a 1% bromine-

methanol solution as a polishing compound. If fogging of 

the surface reappears after polishing, the wafer is re-

etched. 

A4. Gallium Metal. 

Six 9s purity gallium, obtained from Alusuisse Incor

poration, is used as the solvent for the melt solution in 

the wells. A plastic squeeze bottle, which contains the 
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galliums is heated in water above the melting point of gal-

liu, (29°C), thereby enabling the liquid Ga to be squeezed 

out. In order to reduce both the time and difficulty in

volved when loading the boat, a calibrated sterile plastic 

hypodermic syringe is used to deposit the required weight 

of Ga into the wells. 

A5. Aluminum Metal. 

High purity, five 9s, 0.010 in diameter aluminum wire 

is used for melt additive to produce Al Ga, As. The 
X 1-x 

actual amount of Al required for a certain x (here x = 0.4) 

is calculated from the solid solubility data in figure 14. 

The cleaning procedure for Al is the same as the degreas

ing cycle used for the wafers. 

A6. Zinc Metal for Doping. 

Six 9s purity zinc pellets are used as a p-type 

dopant; the actual quantity required for a given acceptor 

concentration is calculated from the solid solubility data 

of figure 16. The cleaning procedure is the same as that 

for aluminum. 

A7. Storage. 

After cleaning, the substrates, source wafers, and 

melt additives are covered with lint free paper, stored 

in separate covered weighing bottles and then either 
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stored or transferred to the LPE system ready for loading 

into the graphite furnace boat. 



APPENDIX B 

LPE SYSTEM OPERATION 

Bl. The System. 

Figure Bl is a block diagram of the complete LPE 

system. Two hydrogen cylinders, installed behind the gas 

control unit, provide 99.96% purity hydrogen for the system. 

When the tank pressure of one of the cylinder reaches 

approximately 300 psig the second H2 cylinder should be 

connected. It is important to always check that there 

is sufficient hydrogen for an uninterrupted run. 

The Matheson 8361 hydrogen purification unit operates 

up to 200 psig and by varying either the feed gas pressure 

or the valve setting on the purifier, various output flow 

rates may be obtained, up to a maximum of 1 liter per min

ute. For most applications a flow rate of approximately 

0.5 liters per minute is satisfactory. A toggle valve Tl 

permits immediate cut-off of the hydrogen gas supply in an 

emergency. Dry nitrogen, at an input pressure of 10 psig, 

may be introduced into the system for purging, by opening 

toggle valve T2. The DeOxo unit operates on the principle 

of catalytically combining oxygen and hydrogen to form 

water vapor. It is installed vertically, the flow direc

tional arrow pointing downwards, to prevent channeling of 

the gas after the catalyst has settled. This unit must 
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be purged with dry nitrogen, or be evacuated, to remove all 

air from the system before introducing the hydrogen process 

gas. Similarily when shutting down the system, a nitrogen 

purge removes all water vapor so that it does not condense 

on the catalyst upon cooling. The water and oil removal 

filter and the high purity filter help to produce clean 

dry H2 gas for the purification unit, which is important 

for a long life operation of the palladium alloy tubing. 

A Varian Vacsorb pump provides a simple and effective 

means for evacuating the system. Sorption pumping takes 

place through physical adsorption. The vacsorb pump con

sists basically of a vacuum-tight enclosure containing an 

adsorbent, Linde Type 5A molecular sieve, which evacuates 

the air from the system when a dewar, in which the pump 

body is contained, is filled with liquid nitrogen. The 

main use of the vacuum pump occurs in connection with the 

start-up and shut down procedures described in Section B2. 

A pressure gauge, PG, monitors the input pressure to the 

purifier. The hydrogen purification unit provides ultra-

pure hydrogen gas at a rate of 1000 cc per min. for a feed 

gas pressure of 200 psig and a cell temperature of 700°F 

to 750°F. Evacuation of the cell prior to the introduction 

of hydrogen is preferred to gas flushing. The diffusion 

membrane may be leak checked by introducing nitrogen under 

pressure on the feed side of the cell. No flow or pressure 
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build-up should be observed on the ultra-pure hydrogen side 

of the unit, because the nitrogen is bled off. The palla

dium membrane should never be exposed to air while hot and 

should also not heat up or cool down in the presence of 

hydrogen. Hence, when starting up the system, both the 

input and output sections of the purifier must be evacuated 

while the palladium-diffuser is off, and then filled with 

nitrogen. Valve V^ is a by-pass valve which allows purging 

of the entire system or purging of only the output side 

of the purifier. The heating of the purifier occurs in 

the presence of nitrogen and it is only when the operating 

temperature, 700*'F to 750**F, is attained, that the hydrogen 

is admitted into the purifier. The ultra-pure hydrogen 

produced then flows through the quartz reactor tube and is 

then vented out of the system via a bubbler, containing 

a low pressure silicon oil. 

B2. Start-Up and Run Procedure. 

Hydrogen should never be heated until it is known to 

be free of oxygen, and the system receiving the ultra-pure 

hydrogen should be purged or evacuated beforehand accord

ing to the following protocol. 

a) All valves in the system are closed. 

b) The dewar is filled with liquid nitrogen and the 

main valve on the vacsorb pump is opened. 



61 

c) Valves V^, v^ and UPH are opened. 

d) Once the thermocouple vacuum gauge indicates a 

a satisfactory vacuum (better than 100 microns), 

V2 is closed and T2 and V^ are opened to admit 

nitrogen. Nitrogen must flow for at least one 

minute. 

e) Steps c and d may be repeated to ensure removal of 

all air in the system. 

f) Valves V^ and V^ are opened to allow nitrogen to 

purge the entire system overnight. 

g) All valves are closed after the long nitrogen 

purge. 

h) The temperature trim control on the H2 purifier 

is set to position 2, (corresponds to around 700°F 

to 750°F). 

i) The purifier is turned on and allowed to heat up. 

j) As the temperature approaches 700°F the temperature 

trim control is adjusted to stabilize the tempera

ture in the range 700°F to 750°F. 

k) The cell is evacuated by adding liquid nitrogen to 

the dewar and then open the main vacuum valve and 

valves V2, V^ and UPH. 

1) After evacuation, all valves are closed. 

m) Valves T, and V, are opened to allow H2 to fill 

the upstream side of the cell. 
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n) The bleed-valve is opened to provide a bleed-rate 

of about 20 CC per minute. 

o) The ultra-pure hydrogen control valve is slowly 

opened to avoid any sudden gas surge. 

p) Valves V^ and V^ are opened; bubbles will appear 

in the bubbler. Hydrogen must flow for at least 

one hour before step q is performed. 

q) The end-cap is removed and the boat is quickly 

loaded into the tube for the gallium pre-bake 

operation (appendix C). Hydrogen continues to flow 

during the entire operation. 

r) Thirty minutes after the end-cap is secured (hydro

gen flowing) the furnace is turned on and heated 

to 950°C; heating requires around 3 hours. 

s) The temperature is held at 950°C for 3 hours; then 

by turning off the power, the furnace is cooled 

to approximately 50°C. Hydrogen flows the entire 

time. 

t) The end-cap is removed and the substrate additives 

are loaded. (Hydrogen continues to flow). This 

operation should require three minutes. 

u) Thirty minutes after the end-cap is secured, the 

furnace is heated to 900°C and the growth cycle 

begins. (Hydrogen continues to flow). 
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v) After growth, the furnace is cooled to room temper

ature by turning off the furnace power, and the boat 

is unloaded. (Hydrogen continues to flow.) 

B3. Shut Down Prodecure. 

a) The furnace temperature should be below 50°C. 

(Hydrogen continues to flow.) 

b) When the temperature is below 50°C, valve T, is 

closed to stop the hydrogen flow. 

c) When the pressure is near atmospheric, the bleed 

valve and valves V., and V^ are closed. 

d) Valves V2 and V- are opened (V, is already open) 

and liquid nitrogen, is introduced into the dewars; 

the main vacsorb valve is opened to evacuate the 

cell and Deoxo unit. 

e) After evacuation the UPH valve and valve V2 are 

closed. 

f) Valve T^ is opened to introduce N2 into the system 

and purge the hydrogen. 

g) After purging for at least one hour, the purifi

cation unit is turned off. 

h) All valves are closed; the system is now shut down. 

B4. Emergency Procedures. 

1. Temporary Shut-Down. 

Should an emergency arise whereby the hydrogen flow 



64 

must be shut off, the following protocol is followed. 

a) The UPH valve, the bleed valve and valves V,, V. 

and Vc are closed. 

b) The purifier is left on. 

c) If possible, the normal shut-down procedure is then 

followed. 

2. Hydrogen Explosion. 

If an explosion occurs, hydrogen flow is shut down by 

closing valves T^ first, then V^, as quickly as possible. 

Help should be sought immediately. 

3. Sodium Vapor Escape from the Heat Pipe. 

Hydrogen flow is shut down as quickly as possible. If 

there is a fire it is extinguished by covering it with dry 

soda ash (Na^CO^) which is stored in a container under the 

furnace table. Help should be sought if required. 



APPENDIX C 

GROWTH PROGRAM 

First, the whole LPE system is purged with nitrogen 

overnight; the purge is followed by a continuous ultra-high 

purity hydrogen flow. The start-up and shut down procedures 

for the gas line and hydrogen purifier are described in 

detail in Appendix B. 

In order to demonstrate the operation of the LPE system 

the fabrication steps for a simple p-n structure device will 

be considered here. A bake-out with gallium prior to growth 

improves the growth and quality of the epitaxial layers. 

Prebaking consists of adding a predetermined amount of Ga 

to the wells of the boat; in this particular case only well 

number 1 is used. After quickly loading the boat into the 

quartz tube, under a steady flow of hydrogen, the tempera

ture is raised to approximately 950°C. The boat is then 

pushed into the hot zone and allowed to bake for about 

three hours. Prebaking helps to reduce the Ga oxide which 

decomposes thermally and causes the aluminum in the melt 

to oxidize. Aluminum oxide cannot be permitted to form 

in the melt because it presents a barrier to growth onto 

the substrate. After baking, the boat is moved back into 

the cool zone and the furnace is allowed to cool to about 

50°C. The boat is now ready for the actual growth process. 
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Loading is done as quickly as possible in order to minimize 

the Ga melt contact with air. The cleaned GaAs substrate 

and source wafers are fitted into the two respective recesses 

in the slider and the prepared quantities of GaAs, Al and 

^n ^^^ added to the melt. A continuous flow of hydrogen is 

maintained throughout the loading process to prevent con

tamination. The substrate and source wafer are carefully 

slid under the body of the boat until the trailing edge 

of the substrate just disappears. This is important as 

the absolute position of the substrate must be known at 

all times during the growth process. Also, if the sub

strate is not totally covered by the graphite, any exposure 

to the hydrogen atmosphere above 800°C tends to decompose 

the substrate surface and to cause poor growth. After load

ing the boat into the quartz tube, the end cap is fitted 

and both the thermocouple and push-rod are installed. The 

system is then flushed for at least one hour with flowing 

hydrogen to ensure an ultra pure hydrogen environment. 

The furnace is then turned on. When the starting tem

perature (approximately 900°C) has been reached, the boat 

is slid along the tube into the growth position, as des

cribed in Chapter II. After the melt has been partially 

homogenized, which requires around thirty minutes, the slider 

is moved until the semiconductor source body is positioned 

under the first well. The purpose of the source body is 
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to maintain an exactly saturated solution in the wells 

prior to introducing the substrate. The melts are kept at 

temperature for an additional two hours to ensure complete 

melting and homogenization of the ingredients of the charges 

After melt homogenization, the slider is moved again until 

the substrate is under the first melt and epitaxy growth 

begins. In this particular case, the substrate is allowed 

to sit under the well at a temperature of 900°C for 10 min

utes so that the Zn diffuses into the GaAs substrate to 

form a p layer, approximately 2 ym thick. The melt is then 

cooled at a rate of approximately 0.5°C per minute for 

thirty minutes, using the manual procedure described in 

Chapter II. An equilibrium cooling cycle is adopted for 

3/2 this growth and a t ' time dependence for film thickness 

is expected. 

After the single layer has been grown, the slider is 

moved so that the substrate is at the far end of the boat 

and still covered by graphite. The whole boat assembly 

is then pulled back into the loading area of the quartz 

tube and the furnace is cooled to 50°C The end cap is 

then removed and the boat assembly is unloaded. Finally, 

the substrate and excess melt solution are removed and 

the boat is wiped clean, and prepared for the next run. 

If the next run is not scheduled within forty-eight hours 

the system should be shut-down as described in Appendix B. 


